We present a 576-year tree-ring-based reconstruction of streamflow for northern Utah's Weber River that exhibits considerable interannual and decadal-scale variability. While the 20th Century instrumental period includes several extreme individual dry years, it was the century with the fewest such years of the entire reconstruction. Extended droughts were more severe in duration, magnitude, and intensity prior to the instrumental record, including the most protracted drought of the record, which spanned 16 years from 1703 to 1718. Extreme wet years and periods are also a regular feature of the reconstruction. A strong early 17th Century pluvial exceeds the early 20th Century pluvial in magnitude, duration, and intensity, and dwarfs the 1980s wet period that caused significant flooding along the Wasatch Front. The long-term hydroclimatology of northern Utah is marked by considerable uncertainty; hence, our reconstruction provides water managers with a more complete record of water resource variability for assessment of the risk of droughts and floods for one of the largest and most rapidly growing population centers in the Intermountain West.
INTRODUCTION
Utah is the second driest and third fastest growing state in the United States (U.S.), experiencing a 23.8% increase in population from 2000 to 2010 (Mackun and Wilson, 2011) . Eighty percent of this population is concentrated along the Wasatch Front, a chain of metropolitan areas located west of the Wasatch Mountain Range from central Utah to the Idaho border. This region is heavily dependent on snowmelt runoff delivered via rivers with headwaters in the Wasatch and Uinta Mountains to the east. Despite extensive water development projects, recent severe droughts have strained water supplies. For example, statewide reservoir levels dropped below 50% in 2002 (DNR, 2007) .
The Weber River Basin encompasses four northern Utah counties and receives an average of 660 mm of precipitation annually, more than any other major river basin in the state (UDWR, 2009) (Figure 1 ).
The Weber River is also one of the most important sources of water for the Wasatch Front. The river is highly developed and has been used historically for agriculture, but is being rapidly converted to municipal & industrial (M&I) use. In 2005 M&I use was 254 million cubic meters (mcm), and is expected to increase to 323 mcm by 2030 and 396 mcm by 2060, even if new water conservation plans are implemented (UDWR, 2009) .
Planning for increased water use and drought mitigation can be enhanced via a long-term view of the frequency, magnitude, and intensity of fluctuations in streamflow for the key rivers that deliver water to municipal and agricultural areas. However, instrumental records for most rivers rarely cover more than 100 years, and the Weber is no exception. Because streamflow and annual growth rings in trees are both directly influenced by precipitation, temperature, and soil moisture, tree rings can be used to extend records of hydroclimate several centuries into the past. Robust reconstructions of streamflow have been produced for several basins in the Intermountain West (e.g., Meko and Stockton, 1984; Woodhouse, 2001; Carson and Munroe, 2005; Woodhouse and Lukas, 2006a; Watson et al., 2009; Barnett et al., 2010; Wise, 2010a; Gray et al., 2011; Meko et al., 2012) . Most of these reconstructions suggest that the instrumental record is an insufficient base for water management, as droughts in previous centuries have often exceeded those of the past 100 years in duration and magnitude. Another common theme is that while some droughts have been coherent in space and time across the entire western U.S. Wise, 2012) , others have been discontinuous and important differences have been observed across basins and even subbasins (Woodhouse and Lukas, 2006b; Watson et al., 2009; Gray et al., 2011) .
Despite these efforts, streamflow reconstructions and tree-ring data are still sparse in parts of the Intermountain West (Wise, 2012) , and one such gap occurs in the eastern Great Basin where the Wasatch Front is located. The hydroclimatology of this region is complex due in part to the juxtaposition of the north-south trending Wasatch Mountains, which ostensibly provide a barrier to Pacific storm tracks (Pope and Brough, 1996) , and the higher elevation (4,120 m) but east-west trending Uinta Mountains to the east (Figure 1) , both of which serve as the headwaters for streams flowing to the Wasatch Front. Analyses of precipitation regimes in the Intermountain West have identified a precipitation dipole, a generalized pattern associated with Pacific teleconnections whereby the Pacific Northwest is wet when the Southwest is dry and vice versa (Mock, 1996; Cayan et al., 1999; Brown and Comrie, 2004; Wang et al., 2010; Wise, 2012) . The location of the fulcrum of the dipole has been unstable over space and time (Wise, 2010b; DeRose et al., 2013) , complicating our understanding of regional hydroclimatology. Modeling studies by Seager et al. (2007) predict that the southwestern U.S., including northern Utah, will experience drier conditions under climate change scenarios.
These characteristics produce considerable uncertainty regarding water resource management along the Wasatch Front, highlighting the need for better understanding of hydroclimatic variability at a finer spatial scale and broader temporal scale than is currently available for risk assessment. Our objectives were to (1) establish a more extensive network of moisture-sensitive tree-ring chronologies in one of the most heavily populated areas in the Intermountain West; (2) reconstruct streamflow beyond the instrumental record for an essential Wasatch Front river, using our new chronologies and previously published chronologies from the region; and (3) provide water managers with a basis for risk assessment of extreme dry and wet events.
DATA AND METHODS

Streamflow Data
We obtained instrumented streamflow records from U.S. Geological Survey Gauge #10128500 (USGS, 2013) FIGURE 1. Map Showing the Weber River Basin with Headwaters in the Western Uinta Mountains, and Other Tributaries Joining via the Wasatch Range. The tree-ring chronologies (triangles) used to reconstruct streamflow for the Weber River gauge near Oakley, Utah (filled circle) are also shown, along with major metropolitan areas along the Wasatch Front that are dependent on water delivered by rivers such as the Weber.
for the upper Weber River near Oakley, Utah, an area that receives 914 mm of precipitation per year (UDWR, 2009) . Daily discharge records for the gauge have been kept continuously since October 1904. The gauge is ideally located below all of the major headwater streams in the northwestern Uinta Mountains (Figure 1 ), but above all diversions except for Smith & Morehouse Reservoir. This small, "fill and spill" reservoir interrupts only one of the headwater streams, and was constructed in 1925 with a capacity of 1.7 mcm, and expanded to 9.6 mcm (5% of mean annual flow of the Weber near Oakley) in 1987. We adjusted for flow alterations since the 1987 expansion and found no difference in correlation between wateryear (October-September) discharge and tree-ring width.
Tree-Ring Chronologies
Because regional climate patterns in northern Utah are variable over space and time (Woodhouse and Kay, 1990; Brown and Comrie, 2004; Tingstad and MacDonald, 2010; Wise, 2010b) , we delineated a large region that encompasses northern Utah, northeastern Nevada, southeastern Idaho, southwestern Wyoming, and northwestern Colorado from which to investigate the relationship between streamflow and tree-ring chronologies from the International Tree-Ring Data Bank (ITRDB) and from new collections. We then restricted the size of this region based on the correlation between the chronologies and streamflow. Individual chronologies that were to be used as predictors were screened further based on a common period of record spanning at least 1450-2005 A.D.
To improve the spatial and temporal coverage of tree-ring data, we also developed several new treering site collections in the region. For these sites, we selected open stands of known moisture-sensitive species (Hidalgo et al., 2001) , including pinyon pine (Pinus edulis and P. monophylla), Douglas-fir (Pseudotsuga menziesii), ponderosa pine (P. ponderosa), and limber pine (P. flexilis). We further selected trees growing on south-facing, steep, rocky slopes, or ridge tops with little soil development to increase the likelihood that moisture was the factor most limiting to growth. As per standard protocols for dendroclimatology (sensu Fritts, 1976) we extracted at least two cores per tree where possible.
Samples were prepared with progressively finer sandpaper to 600 grit and 9 lm finishing film, until individual cells were clearly visible under a binocular microscope. The tree-ring series were then cross-dated using skeleton plots and the memorization method (Speer, 2010) , to assign a precise calendar year to each ring. The rings were then measured to within 0.001 mm, and dating accuracy was checked using the computer program COFECHA (Holmes, 1983) . This program compares the ring widths in a given series to a master chronology made up of all other series and produces a suite of statistics to evaluate dating accuracy. To remove nonclimatic (e.g., geometric) growth trends and produce a dimensionless ring-width index from the tree-ring series, we used Friedman's (1984) variable span smoother with the alpha level set to 7, in the computer program ARSTAN (Cook et al., 2007) . This approximates a moderately flexible smoothing spline and thus retains some low frequency variation. We inspected the detrended series individually to ensure that most variation that was common among all series was retained, and less common variation likely not due to climate was removed.
Modeling Streamflow
We used multiple linear regression to model and reconstruct streamflow from the tree-ring series. However, because multiple predictors can artificially inflate explained variance (Fritts, 1991) , we used principal components analysis to extract the major modes of variability from the chronologies by using current-year, previous-year, and following-year growth as predictors of water-year streamflow. We screened for components with eigenvalues that exceeded 1, and used maximum r 2 to select the regression model (Fritts et al., 1990) . We assessed the strength of the model using r 2 and adjusted r 2 , and performed rigorous split calibration/verification tests to assess reconstruction fidelity using reduction of error and coefficient of efficiency tests (see Fritts, 1976) . We also used the Durbin-Watson statistic (Draper and Smith, 1998) to determine whether autocorrelation was present in the residuals. The expressed population signal (EPS) is a measure of the common variance in a chronology and provides guidance for evaluating the reliability of a reconstruction with decreasing sample depth further back in time (Briffa, 1995) . We examined 50-year segments overlapped by 25 years for each chronology, and noted where the EPS drops below 85% as suggested by Wigley et al. (1984) .
Analysis of Extreme Events
To investigate multiyear dry and wet periods that would be of particular interest in water management, we followed the runs analysis procedure of Gray et al. (2011) . We determined departures from the instrumental mean streamflow for each year in the recon-struction and calculated the duration, magnitude (cumulative departure), and intensity (magnitude divided by duration) of consecutive years above or below the mean. We summed the magnitude and intensity of dry and wet periods separately to determine a "score" for each run.
We also investigated clusters of multiyear dry (wet) periods that were separated by only single years above (below) mean annual flow. In a management scenario, one above-average year may provide insufficient water to fill reservoirs following a multiyear drought, and if this pattern were repeated several times, the entire time period would be considered a drought (e.g., Meko et al., 2007; Woodhouse et al., 2010) . Conversely, multiyear pluvial events with only single years below the mean would make flood management difficult. We analyzed clusters of any length that included at least two consecutive years below (above) the instrumental mean separated by only single years above (below) the mean, and calculated magnitude and intensity scores as above.
RESULTS
Streamflow Reconstruction Model
Following our screening procedures outlined above, we selected four tree-ring chronologies for modeling Weber River streamflowtwo newly collected pinyon pine chronologies from just east of the crest of the Wasatch Mountains (Tanner Ridge, TNR and Rattlesnake Mountain, RSM), and two from the rain shadow of the Wasatch Range and south of the Uinta Mountains, Well's Draw Update (WED) (pinyon pine) (Pederson et al., 2011) and Harmon Canyon (Douglasfir) (Knight et al., 2010) , respectively. These latter two datasets were obtained from the ITRDB (http:// www.ncdc.noaa.gov/paleo/treering.html; see Table 1 and Figure 1 for site details and locations).
These four chronologies effectively modeled the Weber River gauge record and yielded a reconstruction that extends from 1429 to 2004, and that explains 55% of the variance in the original time series. The reconstructed values effectively capture both interannual and lower frequency variation in the instrumental record ( Figure 2 ). In particular, the most extreme dry years (e.g., 1934, 1977, and 2002) are predicted accurately, but the model underestimates most extremely high values (e.g., 1907, 1921, and 1986) . Verification statistics indicate a robust reconstruction although the model performed better when calibrated on the latter half of the data compared to the early portion (Table 2) . Durbin-Watson values indicate no significant autocorrelation problems. The EPS drops below 85% for RSM in 1480 and TNR in 1470, so the reconstruction and subsequent analyses are less reliable before that time.
Extreme Droughts
The reconstruction also exhibits strong interannual, decadal, and multidecadal-scale variability over the past five centuries ( Figure 3 ). Extreme (5th percentile) individual dry years (i.e., drought years) are evident in the reconstruction (Table 3 ) and although some of these occur during the instrumental record (1934, 1977, and 2002) , a ranking of extreme years (Table 4) shows that there are fewer in the 1900s than any previous century. The majority of dry years occur in the 1400s and 1500s. The runs analysis of dry periods indicates several droughts of at least two consecutive years ( Figure 4 ). Three of the twenty-five most severe droughts based on overall score (Table 5) occur during the 100-year instrumental record, including 1930-1936 (tied for 8th most severe), 1958-1961 (19th) , and 2000-2004 (tied for 23rd). In contrast, the 1500s, 1700s, 1800s, and 1400s all contain a higher number of persistent and severe droughts. The longest and highest magnitude uninterrupted droughts are 1703-1718 (16 years) and 1870-1883 (14 years), and the most intense drought in years where EPS exceeds 0.85 was 1504-1507.
The analysis of clusters of droughts separated only by individual years above the instrumental mean (Table 6 ) more strongly emphasizes the shorter duration droughts in the runs analysis. For example, the individual droughts of 1626-1632 and 1634-1639 combine to produce a 14-year period with only one above the mean, and that is of higher magnitude and intensity than the two uninterrupted runs that exceed 10 years. In the 1900s, the period from 1953 to 1961 also has only one year above the mean but the drought is of lower magnitude and intensity than the uninterrupted 1930-1936 period.
Extreme Wet Periods
Extreme wet years are also a regular feature of the reconstruction, but are less common in the 1900s than in any other century (Tables 3 and 4 ). The 1600s and 1400s both have very high numbers of individual wet years. Based on runs analysis scores, 4 of the 25 wettest periods occur in the 1900s (Table 5 ) and although they all have relatively low scores, 1903-1917 is the longest continuous wet period. The 1600s include 7 of the 25 wettest runs, including the highest in magnitude despite being only eight years in length (1614) (1615) (1616) (1617) (1618) (1619) (1620) (1621) . Continuous wet periods are also common in the 1500s. The analysis of clusters of wet periods separated only by individual years below the mean shows that 1903-1923 is the longest wet period that is separated by only one dry year. The period from 1601-1621 is the highest magnitude wet period despite two years below the mean, and 1608-1621 is the most intense.
DISCUSSION
The calibration/verification statistics indicate a successful reconstruction, with the caveat that there is no way to test the stability of the relationship between the effects of precipitation and evaporation on streamflow and ring-width increment through the full reconstruction period. The stronger relationship when calibration was performed on the more recent half of the observed values is likely reflective of decreasing quality in the instrumental record further back in time. The greater skill of the model in predicting dry vs. wet years is typical of tree-ring reconstructions because in extremely wet years tree growth is limited by some other factor such as soil nutrients, and additional moisture no longer benefits growth. The reconstruction confirms observed dry and wet periods, and like streamflow and precipitation reconstructions from surrounding areas, our study also suggests that severe drought years and extended dry periods were common occurrences over the past 576 years and are often well outside the range of the instrumental record (e.g., Gray et al., 2004 Gray et al., , 2011 Woodhouse and Lukas, 2006b; Woodhouse et al., 2006 Woodhouse et al., , 2010 Meko et al., 2007; Watson et al., 2009; Barnett et al., 2010; Knight et al., 2010; Wise, 2010a) . The four chronologies selected from our original, regional pool were all located east of the crest of the Wasatch Mountains, highlighting the importance of rain shadow conditions in increasing tree-ring sensitivity to moisture in this area. The TNR and RSM chronologies developed as part of this study were the strongest predictors and were critical to the reconstruction, emphasizing the importance of our efforts to expand the spatial coverage of tree-ring data along the eastern edge of the Great Basin. The reconstructed extreme dry individual years compare favorably with the Gray et al. (2011) reconstruction of three headwater tributaries (Yampa, White, and Little Snake) in the Upper Colorado River Basin (UCRB) in southern Wyoming and northern Colorado. The years 1460, 1496, 1500, 1506, 1532, 1584, and 2002 coincide particularly well, whereas 1495, 1505, 1580, 1632, and 1934 were more extreme for the Weber Basin than in the UCRB. The Gray et al. (2011) study and our reconstruction of the Weber have one common predictor (WED) so they are not entirely independent. However, the incorporation of newly collected chronologies near the Weber River helped differentiate regional and local dry years (Figure 5) , a critical distinction for local water managers. Therefore, while the results suggest some regionalscale agreement for individual dry years that may be important for understanding large-scale synoptic climatology in the broader region, reconstructed nonsynchronous dry years are likely important indicators of more local conditions. Longer term dry events indicated by the runs and clusters analyses also show similar patterns with previous streamflow reconstructions throughout the Intermountain West. For example, the longest continuous period on the Yampa identified by Gray et al. (2011) was 1704-1717, which coincides almost exactly with the longest on the Weber (1703-1718) (see Figure 5 ). In addition, one of the most severe clusters (1579-1586) on the Weber matches very well with an 11-year continuous drought on the Yampa. (Strachan et al., 2012) , low-flow events were generally similar to those on the Weber in 1504-1507, 1583-1586, 1626-1632, 1930-1936, and 1958-1961 , but the dry periods in Spring Valley were typically shorter than in the Weber Basin. Finally, in the Snake River Basin in Wyoming (Wise, 2010a) , an extensive dry period coincided with the 1626-1639 event on the Weber, as well as 1930-1936 and 2000-2004, but in general dry periods in the 1900s were more severe for the Snake than for the Weber. Extreme wet years and periods have not been scrutinized as closely as dry events in many streamflow reconstructions in the Intermountain West. Nevertheless, the early 1900s pluvial is evident in the UCRB (e.g., Woodhouse et al., 2006; Gray et al., 2011 ), Spring Valley (Strachan et al., 2012 , and the Snake (Wise, 2010a) . In contrast, the early 1600s pluvial is much stronger (magnitude, duration, and intensity) than the early 1900s or 1980s for the Weber River, while it is only slightly stronger or similar for most of the UCRB and Spring Valley reconstructions, and weaker for the Snake. The extreme early 1600s pluvial is a striking feature of nearly all Wasatch Front tree-ring chronologies (Allen et al., 2013) and should be the subject of future study.
Application to Water Management
Improvements of risk assessment are possible by incorporating previously unknown extreme events that are indicated by the reconstruction. By pairing historical extreme events with comparable events during the instrumental record, water managers can broaden their expectations on system behavior. Extreme individual dry years on the Weber River have occurred during the instrumental period that are comparable with those from the previous four centuries, particularly 1934, 1977, and 2002 . However, there is no modern analog for the continuous multiyear dry events seen in the reconstruction. The most severe continuous drought during the instrumental period occurred between 1930 and 1936, and was exceeded in magnitude by 7 events, in duration by 4, and in intensity by 13 over the period of the reconstruction. Moreover, the period from 1622-1639 had only two years above mean annual flow and exceeded the most extreme continuous events in the instrumental period in duration and magnitude. The only multidrought cluster in the instrumental period was 1953-1961, which was lower in magnitude than 1930-1936.
Following a wet 2011 water year, northern Utah experienced dry conditions in 2012 and 2013. As of the end of July 2013, reservoirs in the Weber Basin were at 52% of capacity, and the Weber Basin Water Conservancy District had implemented a 20% acrossthe-board cut to wholesale irrigation recipients (O'Donoghue, 2013) . Mean annual flow for water year 2012 was 3.7 cubic meters per second (cms), a little above the observed 2002 value of 3.5 cms (USGS, 2013) . Assuming water year 2013 produces the same value of 3.7 cms, the magnitude (cumulative departure from the instrumental mean) for this two-year drought would be À4.9 cms and the intensity would be À2.5. This intensity exceeds several in the reconstruction, but droughts matching that intensity in the Weber reconstruction have lasted as long as four years. If current conditions continued for one or two more years, reservoir capacity could easily drop to zero, and additional cuts in water delivery would certainly be necessary. A less intense but longer duration drought such as the 1703-1718 event might prove even more problematic. If the intensity of this drought (À1.29) over four years were to produce the same deficit as À2.5 over two, then after those four years, reservoir capacity would be close to 50% with 12 continuous dry years to follow. Given the lack of modern analogs for these multiyear drought events, another option for risk assessment and mitigation is to incorporate tree-ring data into existing quantitative water system models to more adequately assess worst-case scenarios. For example, one western water agency found that their current water management plan could accommodate a worstcase drought based on a 45-year instrumental record without imposing water restrictions, but could only withstand the worst drought in the tree-ring record with severe restrictions in place. Consequently, they began considering changes to operations that would prevent the need for restrictions (Rice et al., 2009) .
Because floods are more strongly associated with extreme weather events than climate, the reconstructed wet periods do not necessarily indicate severe flooding. Nevertheless, some of the worst floods in the state have been associated with pluvials, such as in the early 1980s, and spring runoff management can be difficult under consistently wet conditions. The Weber reconstruction agrees with observations that the early 1900s pluvial was wetter than the 1980s, but the early 1600s were much wetter still. Multiple, consecutive, wet years such as 1983-1986 can strain storage and result in increased levels of the closedbasin outlet for the Weber River, the Great Salt Lake. Given that the 1980s pluvial resulted in substantial flooding and damage along the Wasatch Front (Morrisette, 1988) , the longer duration, more intense early 1600s pluvial should supersede the 1980s as the most extreme event for matters of water management planning.
CONCLUSION
We have provided the first tree-ring reconstruction for a major river that is being increasingly utilized for municipal and agricultural purposes along the metropolitan and rapidly growing Wasatch Front. Uncertainty is a hallmark of this region's hydroclimate, and climatic change will only increase that uncertainty. We have attempted to reduce that uncer-tainty by improving the spatial and temporal coverage of tree-ring data surrounding the major rivers serving the Wasatch Front, and producing a 576-year perspective on variability for the Weber River. The reconstruction suggests that the instrumental record paints an overly optimistic picture of extreme drought and flood conditions, as dry and wet periods of greater magnitude, duration, and intensity have occurred previously. Although the past cannot predict future conditions, reconstructed extreme years and periods can be used in water management as a basis for the assessment of drought and flood risk, including as inputs to forecast models or in water depletion scenarios for reservoir management.
